The pancreatic islets of Langerhans are highly vascularized micro-organs that play a key role in the regulation of blood glucose homeostasis. The specific arrangement of endocrine cell types in islets suggests a coupling between morphology and function within the islet. Here, we established a line-scanning confocal microscopy approach to examine the relationship between blood flow and islet cell type arrangement by real-time in vivo imaging of intra-islet blood flow in mice. These data were used to reconstruct the in vivo 3D architecture of the islet and time-resolved blood flow patterns throughout the islet vascular bed. The results revealed 2 predominant blood flow patterns in mouse islets: inner-to-outer, in which blood perfuses the core of b cells before the islet perimeter of non-b cells, and topto-bottom, in which blood perfuses the islet from one side to the other regardless of cell type. Our approach included both millisecond temporal resolution and submicron spatial resolution, allowing for real-time imaging of islet blood flow within the living mouse, which has not to our knowledge been attainable by other methods.
Real-time, multidimensional in vivo imaging used to investigate blood flow in mouse pancreatic islets
Introduction
Irregularities in pancreatic islet blood flow have been postulated to play a major role in islet pathophysiology as well as in the failure of islet transplants (1) (2) (3) (4) (5) . Pancreatic islets are highly vascularized micro-organs with a central core of insulin-producing β cells surrounded by a perimeter of non-β islet cells, which secrete glucagon, somatostatin, pancreatic polypeptide, and ghrelin (6, 7) . The vascular network within the islet consists of vessels that are wider, more numerous, and more tortuous than those of the surrounding exocrine tissue (5, 8) . It has been suggested that the distinct arrangement of the different cell types and the patterns of blood flow in the islet are functionally coupled. This relationship has important physiologic implications, since both in vitro and in vivo studies indicate that products secreted by one islet cell type can influence hormone secretion by other types of islet cells (9) (10) (11) (12) . Previous work has proposed 3 distinct, yet mutually exclusive, models for islet blood flow. In one model, blood flows first to the non-β islet cells on the perimeter and then to the β cells in the islet core (13) (14) (15) (16) . This model is based on results of structural studies using scanning electron microscopy of corrosion vascular casts, which suggested that afferent vessels entering the non-β cell perimeter branch into smaller vessels and perfuse the non-β cells first (17) . Consequently, products of islet perimeter cells would be secreted upstream of β cells. In a contrasting model, afferent arterial flow bypasses the non-β cell perimeter islet cells and branches into capillaries only after reaching the β cell core; thus, blood would perfuse β cells before non-β cells. This model is also based on evidence from scanning electron microscopy of corrosion vascular casts (13) as well as India ink infusion studies and serial reconstructions of stained sections (8, 18) . Additionally, retrograde and anterograde perfusions of the pancreas with neutralizing antibodies have provided a substantial body of physiological evidence for this β cell-first perfusion theory (11, 12, 19) . Based on scanning electron microscopy as well as in vivo microscopy studies, a third model proposes that blood flow enters through a feeding artery on one side of the islet and immediately branches into multiple smaller vessels that perfuse blood from one side of the islet to the other regardless of cell type (20, 21) . Because each predicts a different order for blood flow in relation to islet cell type, these models have significant implications for our understanding of islet hormone secretion and glucose homeostasis.
Until now, submicron resolution in vivo imaging studies have been limited. However, in vivo imaging offers the ability to examine tissues while they are actually functioning as a whole organ rather than as separated, nonliving tissue. This is especially important for understanding mechanisms and therapies for disease: often, data obtained in vitro are quite different than those obtained in vivo (22) . Although there have been multiple studies using imaging modalities such as PET and MRI, these techniques do not offer sufficient spatial and temporal resolution to reveal the precise dynamics of blood flow at the capillary level within the pancreatic islet. In a recent publication, optical microscopy was used to assess pancreatic islet transplants in the anterior chamber of the eye, a transparent tissue, but dynamic studies were not reported (23) .
Here we describe the development and application of a dynamic optical imaging approach to examine the relationship between islet morphology and vascular networks in vivo. To locate islets for imaging, we used the mouse insulin I promoter-GFP (MIP-GFP) mouse, a transgenic line with fluorescent green β cells (24) . This animal model was used with submicron spatial resolution and millisecond temporal resolution provided by a fast line-scan-ning confocal microscope, an approach that allowed us to image blood flow in vivo at extremely high speeds without sacrificing resolution. We developed this approach for quantitative fluorescence imaging, which we believe to be novel, and used it to address the controversy regarding islet blood flow perfusion order. Our successful application of this approach indicates that it will also be useful in investigating in vivo regulation of blood flow dynamics in islets as well as other organs. Figure 1A , pancreatic islets and their microcirculation were imaged in vivo using high-speed, line-scanning confocal fluorescence microscopy (25, 26) , a transgenic mouse line with EGFP-expressing β cells (24) , and intravenously injected rhodamine dextran (27) . To achieve the spatial and temporal resolution needed to investigate islet microcirculation, the pancreas of the anesthetized mouse was exteriorized and oriented on the microscope stage so that the distance between the islet and the objective lens was minimized. High-resolution images of the islet and its functional vasculature within the intact pancreas confirmed the greater blood flow to pancreatic islets compared with surrounding pancreatic exocrine tissue ( Figure 1B) .
Results

Imaging islet blood flow in vivo. As shown in
Assessment of pancreatic islet vascular structure in vivo. To facilitate the assessment of blood flow patterns within each islet, we imaged medium to large islets, ranging 160-500 μm in diameter. A series of optical slices, with images focused 8-11 μm apart, were acquired within a partial volume of each islet, covering a focal depth of 25-50 μm (Figure 2) . This made it possible to discern the location and size of individual vessels in relation to the β cell mass throughout this subvolume of the islet. Through-focus projections (2-dimensional representations of a series of images taken at different focal planes) of the 3D data sets - commonly referred to as z stacks - were used to visualize the overall islet structure, although all analyses were performed on individual image planes in order to discern the exact location of both large and small vessels in relation to the β cells ( Figure 3 ). While variations in microvascular structure were found, this heterogeneity did not correlate with islet size. Of 103 islets, 32 were associated with a larger vessel in the imaged portion of the islet. These larger vessels (>15 μm in diameter) were found to have multiple smaller vessels extending from them ( Figure 3 , arrows) and were located on the outer surfaces of the islet (Figure 2 , A-C, arrows). In contrast, there were also islets that did not appear to be closely associated with any large vessel ( Figure 3 , bottom panels). When we analyzed individual image planes of this type, that is, an islet not associated with a large vessel, the islet vessel diameters were mostly homogeneous - dissimilar to the structures of graduated branching seen in islets containing or connected with a large vessel.
Assessment of afferent and efferent flow in the pancreatic islet. Because of the tortuous nature of the islet microvasculature and the high speeds of capillary flow, it has proven difficult to follow flow patterns into the islet. To address these issues, we acquired a time series of z stacks. Optical slice spacing was set to achieve an imaging rate of 70-72 frames per second (fps), which we found to be the minimum frame speed needed to assess 3D blood flow patterns in most islets. Larger vessels with smaller branching capillaries, as described above, were found to be efferent rather than afferent vessels, as shown by both through-focus projection time series ( Figure 4 and Supplemental Video 1; supplemental material available online with this article; doi:10.1172/JCI36209DS1) and single-plane time series (Supplemental Video 2). The time series data demonstrated that the bolus injection of rhodamine dextran reached these larger vessels after perfusion of the smaller vessels in the islet core (Figure 4 , arrows). The real-time investigation of blood flow showed that most of the initial afferent flow into the islets was via smaller vessels (Supplemental Video 2). Of these 32 islets associated with larger vessels in the imaged portion, 11 were connected to the large vessel via numerous smaller branches. The large vessels in 9 of 11 exhibited efferent flow, 1 flow pattern was indiscernible, and 1 showed afferent flow. The 23 remaining islets were connected to a larger vessel by 1 or 2 smaller vessels, approximately the same diameter as islet capillaries, some of which exhibited afferent flow and others of which demonstrated efferent flow.
Assessment of islet microcirculatory patterns by fluorescence time course analysis. To determine the directional blood flow patterns in an islet, we measured the average fluorescence intensities over
Figure 1
Imaging islet blood flow in vivo. (A) Schematic of in vivo imaging setup shows the positioning of an anesthetized MIP-GFP mouse with exteriorized pancreas over the lens of a high-speed, line-scanning confocal microscope. After epifluorescence visual identification of a GFP-labeled islet, rhodamine dextran was injected into the ocular plexus for visualization of islet blood in vivo. (B) Single-plane image of an islet with GFP-labeled β cells (green); islet vasculature was visualized with rhodamine dextran (red) tracer injection. Note the dark areas within vessels, reflecting red blood cells that were not labeled with the rhodamine dextran. Also note that the surrounding exocrine tissue had fewer vessels than the islet. Scale bar: 100 μm.
time in marked regions of interest (ROIs) within the vasculature throughout the 3D data set after bolus injection of rhodamine dextran. After defining inner and outer areas of the islet (Figure 5 , A and C), intensity time course averages for inner vessels were measured and compared with those for outer vessel regions in multiple islets ( Figure 5, B and D) . To compare the time of entry of the rhodamine dextran into different parts of the islet vasculature, we used the initial rise time of fluorescence intensity for each region. The arrival time of a bolus at each of the selected ROIs was determined by finding the first time point in each time course after which the intensity of each following time point increased monotonically until the first local maximum was reached. These initial rise times were then used as indicators of the arrival of blood flow in the ROI.
There were 2 predominant patterns of pancreatic islet blood flow. In some islets, the initial rise time in fluorescence intensity for the vessels in the islet core was before that of vessels on the perimeter ( Figure 5B , Supplemental Video 3, and Supplemental Figure 1A ), whereas other islets exhibited no difference between the average initial rise times of vessels in the core and the perimeter regions ( Figure 5D , Supplemental Video 4, and Supplemental Figure 1B ). This initial rise time was determined and then plotted for each core- or perimeter-marked ROI throughout the volume of each islet ( Figure 6 ). The majority of islets (12 of 20; 60%) demonstrated an "inner-to-outer" pattern, indicated by faster initial rise times for vessels in the islet core than for vessels on the perimeter ( Figure 6A ). However, a substantial number of islets (7 of 20; 35%) showed no difference in rise times between the inner and outer vessels, indicating that flow was simultaneous to both areas ( Figure 6B ). One islet (5%) demonstrated an "outer-to-inner" pattern, in which the rise times for the outer vessel regions came before those of the inner vessel regions ( Figure 6C ). These data, summarized in Figure 6D , indicate that in the majority of mouse islets, the central core of β cells is upstream of non-β cells, but in a substantial number of islets, the blood flow pattern is not dependent on islet cell type.
Figure 2
Variations in islet vascular structure in vivo. Shown are 5 optical slices spaced 8-11 μm apart along the z direction for 4 different islets with rhodamine dextran-labeled plasma, demonstrating that vascular patterns differ in size and structure. The z position relative to the first image plane (nearest to the coverglass) of the islet is noted in microns, while the xy dimension is noted by 100-μm scale bars. (A) Medium islet, containing a large vessel with numerous capillaries coalescing into it in the top image planes (arrows). (B and C) Larger islets of different shapes, which also had large, arm-like vessels in the top 2 planes (arrows). (D) Islet not closely associated with an arm-like vessel. Image slices throughout the z plane showed vessel sizes to be mostly homogeneous in diameter, rather than having a graduated size pattern.
Discussion
We have established a method for in vivo dynamic imaging of pancreatic islet blood flow and have shown that it can be successfully used to resolve directional patterns of flow in the islet. We believe the novelty of our approach includes not only the in vivo experimental procedure, which incorporates the simultaneous labeling of the β cells (MIP-GFP mice) and the vasculature (rhodamine dextran), but also the real-time 3D imaging capabilities that are essential for capturing the dynamics of blood flow. Prior studies that have investigated patterns of islet blood flow have led to contradictory results, perhaps because they provided only indirect measures of blood flow (16) .
The 3 putative models of islet blood flow described in previous work have differing consequences regarding how blood flow is coupled to the distinct cellular arrangement of the islet and how it may impact intercellular communication. The 3 models can be described as (a) outer-to-inner, in which blood flows first to the non-β cell perimeter and then to the β cells in the islet core (13-16); (b) inner-to-outer, which proposes that the incoming arteries bypass the non-β cell perimeter and first perfuse the β cells (8, 12, 18, 19, 28) ; and (c) top-to-bottom, in which the arteries perfuse blood from one side of the islet to the other regardless of cell type (21) . The majority of evidence supporting these 3 models comes from vascular corrosion casting experiments, which are very high resolution but are performed on fixed samples. The few previous live-sample experiments have been complicated by a lack of 3D resolution, making it impossible to discern whether one vessel was in the same vertical plane as another (21) .
Our results show 2 predominant flow patterns: inner-to-outer and top-to-bottom. The inner-to-outer flow pattern was the most prominent pattern, so it is likely that there are physiological consequences of differing cellular perfusion orders. This pattern supports the concept that insulin or other β cell secretory products can have regulatory effects on downstream cells within the islet (i.e., α cells, which produce glucagon). Consequently, the order in which blood perfuses the islet may be pivotal in the regulation of blood glucose. Because only 1 islet demonstrated an outer-to-inner flow pattern, it is unlikely that secreted products of α cells influence β cells.
The 35% of islets that showed a top-to-bottom flow pattern lends support to the model that proposes that islet blood flow is cell type independent. However, our results do not completely rule out the possibility that islet blood flow patterns are cell type dependent, because we do not know for certain the distribution of non-β cell types within any given islet. It is also possible that irregular structures of islets in vivo, such as nonspherical islets and invaginations, could influence our definitions of what are inner and outer vessels in a way that could make some inner-to-outer
Figure 3
Through-focus projections of islets and their vasculature. Shown are GFP-labeled β cells (left), the vasculature (middle), and the overlaid images (right) demonstrating the advantages of this visualization tool: making visible the full vascular tree in the islet, either in relation to the β cells or alone. Larger vessels were found to have multiple smaller vessels extending from the vessel (arrows). Scale bars: 100 μm.
flow look more like top-to-bottom. However, it is unlikely that such an explanation would account for all 35% of the islets that exhibited this flow pattern. Finally, because of technical aspects involved in exteriorization of the intact pancreas, our findings are based on the examination of mainly the dorsal region of the pancreas and therefore only depict blood flow patterns of islets in this portion of the pancreas. The present study was also limited to those islets that reside near the pancreatic surface because of imaging depth limitations inherent to confocal microscopy. In the future it may be possible to increase this depth using endoscopic imaging or 2-photon excitation microscopy (29) .
All prior islet blood flow models describe a large feeding artery that branches into capillaries. Although we did see this type of graduated branching, the larger vessels with numerous smaller vessels extending from them exclusively demonstrated efferent flow. We did find larger vessels with 1 or 2 branches connecting the islet showing afferent flow; however, the diameter of the vessel going into the islet was small and similar to that of islet capillaries. These data represent a comprehensive analysis that we believe was not possible to ascertain in prior studies because of limitations inherent in static in vitro studies.
The functional significance of these findings and why there are 2 predominant, distinct blood flow patterns will require further study. We did not note any recurring pattern of islet architecture, cellular composition, relationship to α islet cells or ducts, or location in a particular region of the pancreas to explain the different patterns of blood flow. The predominance of the inner-to-outer pattern suggests that intercellular communication may be important in the regulation of blood glucose, and therefore replicating the exact milieu of the islet as a cluster of different cell types may be significant for improving transplant studies. Although human islets have a cell type arrangement different from mouse islets (30), β cells are thought to be grouped together with surrounding non-β cells (6) . Additional work is needed to integrate the current results with mouse islets to human islet blood flow. Understanding the factors that regulate islet blood flow may be important in defining the comprehensive mechanisms involved in islet hormone secretion.
This dynamic study of islet blood flow in time and space has provided information that was to our knowledge previously unattainable and demonstrates how critical in vivo imaging studies with sufficient temporal and spatial resolution are for understanding dynamic biological processes. In addition, data were examined directly and therefore not subject to potential artifacts arising from postprocessing or indirect analysis. Furthermore, these methods can be carried out using reagents and equipment that are now commercially available. The approach described in the present study should be useful for studying the in vivo regulation of pancreatic islet blood flow as well as the dynamics of blood flow in other organs.
Methods
Animals. Mice were housed in the animal care facility at Vanderbilt University and cared for according to the guidelines of the Vanderbilt Institutional Animal Care and Use Committee. The MIP-GFP transgenic mice were courtesy of M. Hara and G.I. Bell (University of Chicago, Chicago, Illinois, USA; ref. 24) . We analyzed 103 islets in more than 90 mice for vascular structural patterns. Of those islets, 20 were used for the blood flow directionality studies. In most experiments, carotid artery and internal jugular vein catheters were placed prior to the study to allow for infusions during imaging; however, 5 of 20 mice were studied before catheterization was incorporated into the protocol. No significant difference was found in perfusion patterns between catheterized and noncatheterized mice (data not shown).
Pancreas exteriorization. Mice were anesthetized using intraperitoneal injection of a mixture of xylazine and ketamine (20 and 80 mg/kg, respectively). An incision was made in the abdominal cavity so that the splenic end of the pancreas could be visualized. A coverslip wrapped with gauze bedding was placed gently on the abdominal cavity, and the pancreas-spleen connection was fixed over the bedding. The pancreas was kept moist with saline throughout the study. The mouse was then placed prone on the stage so that the pancreas was in contact with the coverslip. Mice were covered with a heating pad to maintain body temperature throughout the imaging period.
Imaging. The LSM 5 LIVE (Carl Zeiss Inc.) laser-scanning confocal microscope was used for imaging with a ×20, 0.8 NA planapochromat objective lens. The slit aperture was adjusted for each channel to allow for optimal signal-to-noise ratio and spatial resolution in each sample. After the pancreas was exposed on the microscope stage, islets were found by eye, using epifluorescence to identify the GFP-positive regions. Once the GFP-labeled β cells were found, they were imaged using the 488-nm diode laser line for excitation and a band-pass 495- to 525-nm emission filter for detection. Rhodamine dextran tracer (2 × 10 6 MW; Invitrogen) was then injected into the vasculature via the ocular plexus in order to visualize blood flow, and this was imaged using the 532-nm diode laser line for excitation and a band-pass 560- to 675-nm emission filter for detection. To assess islet blood flow directionality, z stacks were made in increments of 4 μm over an average of 25-40 μm in depth. Images were acquired at a rate of more than 70 fps, e.g., 10 images at different focal planes could be repeated 7 times per second. The microscope focal plane nearest to the bottom of the islet (the side closest to the coverglass) was referred to as the top boundary, and the bottom boundary was selected from the focal plane in the image furthest from the coverglass.
Ocular plexus injection. After placement of the mouse on the microscope stage, an islet was identified close to the surface for the best resolution possible. The imaging parameters were established, imaging commenced at more than 70 fps, and 50 μl rhodamine dextran was injected into the ocular plexus. After the filling of the vasculature, the imaging was saved and analyzed.
Image analysis. All images were analyzed using both linear unmixing, a numerical technique for efficient spectral separation of the 2 fluorescence channels, and ROI analysis software (Zeiss LSM5, version 4.0; Carl Zeiss Inc.). Figures have been contrast enhanced to aid visualization; however, all data analysis was conducted on the original raw images before any contrast enhancement.
Fluorescence intensity rise times. We determined the arrival time of a bolus at each of the selected ROIs by finding the first time point that met both of the following criteria: (a) the ROI had an intensity value greater than the arithmetic mean; and (b) intensities at each following time point increased monotonically until the first local maxima was reached. We used the intensity mean as a trigger value to minimize the effects of background noise. The time dimension of the dynamic fluorescence intensity graphs was normalized so that the starting point of increase was on a similar timeline. Time before injection varied as a result of technical aspects of injection. Comparison included inner versus outer points per islet; therefore, normalizing the 0 time point did not affect or bias results.
Statistics. To analyze comparison of inner and outer points, 1-tailed Student's t tests were used. P values less than 0.05 were considered significant.
